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We have performed a proof-of-principle experiment in which qubits encoded in the polarization 
states of single-photons from a parametric down-conversion source were coherently stored and read- 
out from a quantum memory device. The memory device utilized a simple free-space storage loop, 
providing a cyclical read-out that could be synchronized with the cycle time of a quantum computer. 
The coherence of the photonic qubits was maintained during switching operations by using a high- 
speed polarizing Sagnac interferometer switch. 



One of the most attractive features of an all-optical ap- 
proach to quantum computing is that photons can serve 
as ideal carriers of quantum information in a modular 
system connecting various quantum logic gates and mem- 
ory devices. However, the implementation of the memory 
devices and logic gates is difficult in an optical approach 
because photons are relatively difficult to store, and non- 
linear interactions between single photons are typically 
very weak. Although recent developments in linear op- 
tics quantum computing |f|, |^] have shown that logic gates 
can be operated ]3| without direct nonlinear interactions, 
the implementation of a practical quantum memory for 
photons remains a challenging problem. In this paper we 
report on a proof-of-principle experimental demonstra- 
tion of a such a quantum memory device. 

Earlier suggestions for a quantum memory for pho- 
tons have involved storing the quantum states in high-Q 
cavities Q or reversibly transferring them to collective 
atomic excitations (see, for example ^ ^j). In contrast, 
the quantum memory demonstrated here is based on the 
storage of single-photons in a simple free-space optical 
loop pj . The photons stored in this loop can be switched 
out after any number of round trips, providing a cycli- 
cal quantum memory (CQM) that could be synchronized 
with the cycle time of an optical quantum computer. 

The CQM presented here is an extension of our earlier 
work on a source of single-photons on pseudo-demand, 
which was realized by using straightforward polarization- 
based electro-optic switching techniques to release single- 
photons from a storage loop at a desired time || . The key 
requirement in converting that system into the present 
cyclical quantum memory device was the development 
of interferometric-based switching techniques that work 
equally well for any polarization state, and are capable 
of maintaining the coherence of the polarization-encoded 
single-photon qubits. As will be described below, this 
was accomplished by using a high-speed electro-optic 
device to apply controlled 7r-phase shifts in a balanced 
polarizing Sagnac interferometer. During each passage 
through the interferometric switch, the output port taken 
by the photon could be controlled by the 7r-phase shifts, 
thereby sending the photon back into the storage loop for 
another cycle, or releasing it from the memory device. 

A schematic illustrating the basic features of the CQM 
is shown in Figure The polarizing Sagnac interfer- 
ometer switch is formed by mirrors m a and m 0l and 



a polarizing beamsplitter (PBS) which reflects vertical 
polarizations and transmits horizontal polarizations The 
electro-optic device (EO) inside the interferometer is a 
Pockels cell that is configured in such a way that when 
it is turned "on" it will rotate horizontal polarizations 
into vertical, and vice- versa (\H) <-*■ |V)), and when it 
is turned "off" it will do nothing. The storage line is 
formed by the upper port of the PBS and mirror m c . 

The logical values and 1 are represented by the hori- 
zontal and vertical polarization states of a single-photon, 
so that an input qubit has the form \ip)i n — ct\H) +/3|V), 
where a and /3 are arbitrary coefficients. A qubit en- 
ters the CQM device from the right, and much of the 
operation of the device can be understood by first con- 
sidering the case when the Pockels cell is never turned 
"on" . In this case, the vertical component of the incident 
qubit travels clockwise through polarizing Sagnac and is 
reflected up into the storage line, while the horizontal 
component travels counter-clockwise and is transmitted 
up into the storage line. Upon reflection from mirror m c , 
the process essentially runs in reverse, providing an out- 
put state \ij})out after one cycle of the quantum memory. 

If there were no losses and no polarization-dependent 
phase shifts, the output state would emerge in the same 
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FIG. 1: A schematic illustrating the basic features of the 
CQM, which utilizes a high-speed electro-optic polarizing 
Sagnac interferometer switch to maintain the coherence of 
stored polarization-encoded single-photon qubits. 
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coherent superposition state as the input, \t/j) ut = 
Although there were, of course, losses and small birefrin- 
gent phase-shifts in our experiment, the practical ben- 
efit of the polarizing Sagnac interferometer is that the 
counter-propagating horizontal and vertical components 
experience the same physical path, essentially eliminat- 
ing the much larger thermally or vibrationally induced 
phase shifts that would otherwise ruin the coherence of 
the qubit in, for example, a comparable Mach-Zehndcr 
interferometer. 

In order for the CQM to store the qubit for more than 
one cycle, the Pockels cell must be quickly turned "on" 
while the photon is propagating in the storage line for the 
first time. Upon subsequent passes through the Sagnac 
interferometer, the counter- propagating horizontal and 
vertical components of the qubit are therefore repeatedly 
flipped (| if) «-> |V)), and the photon remains trapped in 
the device as long as the Pockels cell is left "on" . When 
the Pockels is finally turned "off", it can be seen that 
the final values of the counter-propagating components 
are those required to release the photon from the device. 

Consequently, one of the interesting features of the 
CQM is that qubits stored for an even number of cycles 
emerge as the bit- flipped value of input qubit, \ip) e ven = 
&x\4>)in = a\V)+/3\H), while qubits released after an odd 
number of cycles are not bit-flipped, \ip) dd = \$}in- F° r 
quantum computing applications, the feed-forward con- 
trol techniques that we have previously demonstrated |^| 
could be used to re-flip qubits read-out after even num- 
bers of cycles in the CQM; alternatively, the CQM round- 
trip time could be designed to be half the cycle time of 
the computer. 

For all of the data that will be presented in this pa- 
per, the qubits were prepared in the arbitrarily chosen 
superposition state: 



\Tp)in = \\H) + -\V) (1) 

which corresponds to a linear polarization state at 30°. 
A graphical representation of the expected output qubits 
after both even and odd numbers of cycles is shown in 
Figure ||. 

A more important consequence of the repeated flipping 
of the polarization components is that certain types of 
errors automatically correct themselves. For example, 
unwanted polarization-dependent phase shifts imparted 
in the storage line affect each of the two components of 
the original qubit an equal number of times for those 
qubits switched out after an even number of round trips. 
As a result, the accumulated relative phase-shift becomes 
an overall phase-shift that simply factors out of the final 
state. Similarly, the net relative phase shift error of this 
kind for qubits switched out after an odd number n of 
cycles is only that due to the final round-trip, and not 
the accumulation of the phase errors due to the previous 
ri—l round-trips. 

A schematic representation of the actual experiment, 
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FIG. 2: A graphical representation of the predicted output 
states of the CQM for an arbitrarily chosen state of the input 
qubit, \ip}i n — ^\H) + \\V), which corresponds to a linear 
polarization state at 30°. The bit-flipped value corresponds 
to a linear polarization state at 60°. 



which utilized true heralded single-photons from a para- 
metric down-conversion source |To| ], is shown in Figure 
|3|. As shown in the upper part of Figure ||, our down- 
conversion source consisted of a 1 mm thick BBO crys- 
tal pumped by roughly 30 mW of the 351.1 nm line 
of a continuous-wave Argon-Ion laser. The crystal was 
cut for Type-II degenerate phase matching and produced 
pairs of collinearly propagating, but orthogonally polar- 
ized photons at 702.2 nm [pTj. The photons of a given 
pair were separated by a polarizing beamsplitter (PBS- 
1). The detection of the "trigger photon" by detector D t 
signalled the presence of the "qubit photon" , and pro- 
vided a relative start time for the cyclical device. 

The polarizing Sagnac interferometer switch, which 
can be seen in roughly the center of Figure ||, was 
formed by polarizing beamsplitter PBS-2, and mirrors 
mi through m^. The Pockels Cell (PC) was placed in- 
side the Sagnac, with its fast axis rotated by 45° from 
the vertical direction. An additional half-wave plate (la- 
belled 4 ) was inserted next to the PC; this half-wave 
plate was usually oriented so that it had no effect, but 
it could be rotated as needed for various diagnostic tests 
during initial alignment. 

The storage line was formed by the upper port of PBS- 
2 and mirrors TO4 and 7715 (the storage line was folded due 
to space constraints) . The length of the storage line was 
roughly 3.5 m which, when combined with the .5 m length 
of the Sagnac, gave a total round-trip time of roughly 
13.3 ns, which was longer than the 10 ns rise-time of the 
Pockels cell, as required In order to minimize beam 
divergence and maximize the possible storage time (num- 
ber of cycles) of the CQM, aim focal length lens was 
placed in the storage line, and longitudinally adjusted to 
form a standard 2f Gaussian transmission line. 

The qubit state preparation was implemented by us- 
ing a half- wave plate (labelled -|) to rotate the vertical 
polarization of the qubit photon to any desired linear 
polarization state. The state of the output qubit was 
measured using a polarization analyzer (9 q ) and another 
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FIG. 4: A demonstration of qubit storage and active switch- 
out after a chosen number of cycles in the CQM. Each of 
the plots shows the number of coincidence counts per 600 
sec. (vertical axes) as a function of the time of arrival in ns 
(horizontal axes) of the qubit photon at detector D q relative 
to the detection of the trigger photon at detector D t . 



For each of the successive plots in Figure g| the max- 
imum counting rate and the quality of the output state 
is seen to decrease for qubits stored for longer times, as 
might have been expected. We believe the degradation 
of the qubit quality was primarily due to small misalign- 
ments of the mirrors, which produce spatial offsets that 
accumulate with each round-trip and can reduce the spa- 
tial overlap of the horizontal and vertical components in 
the output, thereby reducing the interference conditions 
required to maintain the coherence of the qubit. We ex- 
pect to be able to greatly reduce these errors by using 
fiber optic components in future implementations of the 
CQM. 



FIG. 5: Test of the coherence of the CQM device. The data 
shows a plot of the number of coincidence counts per 120 sec. 
(vertical axes) as a function of the qubit polarization analyzer 
8 q setting in degrees (horizontal axes) for each of the five peaks 
shown in Figure ^. The solid lines (Cosine-squared curves 
centered at the expected output angle) are simply meant as 
guides to the eye. The input qubits were linearly polarized at 
30°, and the expected bit-flipping of those qubits stored for 
an even number of cycles is clearly seen. 



In conclusion, we have performed a proof-of-principle 
demonstration of a new type of all-optical cyclical quan- 
tum memory device (CQM) based on the storage of pho- 
tonic qubits in a simple free-space optical loop. The 
ability to maintain the coherence of the qubits was ac- 
complished here by the application of electro-optic-based 
controlled 7r-phasc shifts in a balanced polarizing Sagnac 
interferometer switch Jl3| . An optical approach to quan- 
tum computing will most likely involve the use of trains 
of intense laser pulses, such as those from mode-locked 
Ti-Sapphire lasers. Because these pulse trains provide a 
natural clock cycle, a cyclical quantum memory device 
of the kind presented here should be ideally suited for an 
optical approach to quantum computing, and these initial 
experiments may provide a first step in that direction. 
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